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Superconductors containing magnetic impurities exhibit intriguing phenomena de-
rived from the competition between Cooper pairing and Kondo screening. At the
heart of this competition are the Yu-Shiba-Rusinov (Shiba) states which arise from
the pair breaking effects a magnetic impurity has on a superconducting host. Hybrid
superconductor-molecular junctions offer unique access to these states but the added
complexity in fabricating such devices has kept their exploration to a minimum. Here,
we report on the successful integration of a model spin 1/2 impurity, in the form of a
neutral and stable all organic radical molecule, in proximity-induced superconduct-
ing break-junctions. Our measurements reveal excitations which are characteristic of
a spin-induced Shiba state due to the radical’s unpaired spin strongly coupled to a
superconductor. By virtue of a variable molecule-electrode coupling, we access both
the singlet and doublet ground states of the hybrid system which give rise to the
doublet and singlet Shiba excited states, respectively. Our results show that Shiba
states are a robust feature of the interaction between a paramagnetic impurity and a
proximity-induced superconductor where the excited state is mediated by correlated
electron-hole (Andreev) pairs instead of Cooper pairs.
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nia, Santa Barbara CA 93106 USA.
1
ar
X
iv
:1
60
9.
08
31
6v
2 
 [c
on
d-
ma
t.m
es
-h
all
]  
8 F
eb
 20
17
A quantum dot (QD) or impurity coupled to a superconductor constitutes a rich physical
system in which many-body effects compete for the ground state1–9. The ground state can
take the form of a BCS-like singlet, a spin degenerate doublet, or a Kondo-like singlet de-
pending on the relative strengths of the characteristic energies of the competing phenomena
(charging energy, U , superconducting gap, ∆, Kondo energy, kBTK). For weak Coulomb
interaction (U << ∆), the BCS singlet, composed of the superposition of unoccupied and
doubly occupied states of the dot, prevails. Subgap excitations of this ground state are the
well-known Andreev bound states. This regime has been explored in carbon nanotube10,11
and nanowire12,13 devices where ∆ can be large enough relative to U to allow the BCS
superposition state. For larger charging energy however, the doublet becomes the energet-
ically favored ground state (at temperatures above TK) and a competition between Kondo
screening and Cooper pairing sets in at temperatures below TK
8,14. For weak Kondo energy
(kBTK << ∆) the ground state is the degenerate doublet as screening is incomplete due
to a lack of quasiparticles at the Fermi level. For strong Kondo energy (kBTK >> ∆),
quasiparticles screen the spin and the Kondo singlet becomes the ground state. Excitations
on top of these ground states are the Yu-Shiba-Rusinov (or simply Shiba) states15–18. First
experimentally observed in tunneling spectra of magnetic adatoms absorbed on Nb19, these
states were recently shown to lead to topological Shiba bands required for the observation
of Majorana end modes in atomic chains adsorbed on a superconducting surface20–22.
Besides early tunneling experiments on Kondo alloys producing conventional Shiba
bands23–25, the great majority of investigations of superconductor-QD systems are with
magnetic impurities2,7,19,26, nanowires3,4 or nanotubes27–29 coupled directly to a bulk super-
conductor. In these systems the singlet Shiba excited state is created by breaking a Cooper
pair which allows a quasiparticle to pair with the localized spin in the quantized system.
A similar interaction may occur through proximity induced superconductivity but has not
been explored and requires attention as proposals and investigations of Majorana bound
states engineered through proximity induced systems grow12,30–35.
The hybrid superconductor-molecule device grants a unique exploration of the superconductor-
QD phase diagram as the energy spacing between molecular orbitals of a molecule is typically
orders of magnitude larger than the other energy scales completely suppressing the forma-
tion of the BCS-like singlet ground state and offering investigation of the large-U regime.
The added difficulty in fabricating such devices has limited their investigation to only a
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few studies36,37. Winkelmann et al. have achieved contact to C60 molecules using proximity
induced gold and aluminum electrodes which showed the interplay of a spin-1/2 impurity
coupled to intrinsically superconducting leads36. Gold is an attractive intermediary material
because it allows coupling to a single molecule through a robust sulfur-gold bond leading to
higher stability and stronger coupling.
Here we report on investigations of the large-U regime of the superconductor-QD system
and the observation of Shiba states in a completely proximitized superconducting junction
hosting a model spin 1/2 impurity. As opposed to direct coupling to a bulk superconductor
with a phase coherent condensate giving rise to spin induced Shiba states, Shiba states in
our system are supported by correlated electron-hole (Andreev) pairs. Fig. 1(a) depicts this
situation in which a magnetic impurity (in our case a molecule with an unpaired spin at
its center signified by a red circle, see Supplemental Material for details38) on the left side
is tunnel coupled to a proximity-induced superconductor on the right side. The proximity
effect in the gold is mediated by the well-known Andreev reflection process that occurs at
the interface between the normal metal (gold region) and the superconductor (blue region)
giving rise to Andreev pairs in the gold leads40 which can interact with the molecule through
an exchange coupling. As a result of a variable molecule-electrode coupling for different
devices, we access both the singlet and doublet ground states (and their corresponding Shiba
excited states) of the large-U superconductor-QD phase diagram. We further corroborate
these results through calculations based on the Anderson impurity model while taking into
account the proximity induced nature of the gold electrodes.
I. DEVICE DESIGN
The junction fabrication and characterization have been detailed in Refs.41,42 which we
briefly summarize here. Fig. 1(b) shows a false colored scanning electron microscopy (SEM)
image of a representative junction. The blue colored electrodes are the bulk superconducting
banks created by sputtering molybdenum-rhenium (60/40, Tc ≈ 8.5K). The gold colored
nanowire and contact pads are created by electron-beam evaporation of gold (thickness, 12
nm). The gray vertical strip under the junction is a AlOx/AuPd back gate which can be used
to electrostatically gate the junction. A combination of electromigration and a self-breaking
technique is used to open a nanogap in the gold nanowire. The inset shows an SEM image
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FIG. 1. Proximity induced interaction with an all organic radical molecule and de-
vice design. (a) Schematic representation of a radical molecule coupled to a proximity induced
superconducting gold electrode. The red circle represents the unpaired spin at the center of the
molecule. (b) False-colored scanning electron microscopy (SEM) image of a lithographically iden-
tical junction with superconducting electrodes colored blue and gold nanowire colored gold. The
inset shows a SEM image of an electromigrated junction after measurement, scale bar 50 nm.
of a typical nanogap after electromigration.
Several empty gaps are measured at low temperatures in order to characterize the su-
perconducting proximity effect in the gold electrodes without molecules (see Supplemental
Material for details43). In order to carry out measurements on the polychlorotriphenylmethyl
(PTM) molecule (see Supplemental Material for details38), a solution of molecules (concen-
tration 1 mM) is drop-cast onto an array of 24 junctions before electromigration. After the
electromigration and self-breaking of all junctions, the solution is evaporated leaving behind
roughly a monolayer of molecules and the sample is cooled down in a dilution refrigerator
(base temperature 100 mK).
We find that the normal state characteristics (and Kondo effect) of the molecular junc-
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tions are consistent with previous reports of the same molecule in completely gold break
junctions46 (see Supplemental Materials for details47). Furthermore, from the linear conduc-
tance in the Kondo regime we estimate an asymmetry in the couplings (ΓL,ΓR) to the leads
of ΓL/ΓR ≈ 5× 10−4.
II. THE SUPERCONDUCTING STATE
Moving now to the characteristics in the superconducting state, the black curve in fig.
2(a) shows the differential conductance as a function of voltage bias in the superconduct-
ing state (B = 0 T) for device D. The red curve in the same panel is the measurement in
the normal state (B = 200 mT) showing the zero bias peak arising from the Kondo effect
discussed in the Supplemental Materials47. In the superconducting state two peaks are dis-
cernible, symmetric in bias, accompanied by side dips at higher bias which are qualitatively
distinctive from the empty junction curves shown in the Supplemental Material43. These
peaks signal excitations of the coupled superconductor-QD system and have been shown
to be associated with (multiple) Andreev reflections (MAR) and spin induced Yu-Shiba-
Rusniov states. Conductance peaks due to MAR however are not accompanied by side dips
and become less probable as the asymmetry between the left and right leads is increased3,27.
Asymmetries of ΓL/ΓR ≈ 10−2 − 10−3 in nanowire experiments are enough to completely
suppress MAR contributions3. With the built in high asymmetry of the couplings and given
the spin 1/2 Kondo effect in the normal state, a natural explanation for the excitation peaks
in our hybrid molecular devices is that they originate from spin induced Shiba states.
Figure 2(c) shows a schematic of the coupling situation and density of states. The blue
colored electrode and corresponding DOS represent the hybridization of the radical with
the more strongly coupled electrode resulting in Shiba excited states. Microscopically, these
states arise from the interaction of Andreev pairs at finite energy in the proximity-induced
lead and the unpaired spin of the radical molecule. The weakly coupled gold lead on the
left side probes the hybridization of the molecule with the right electrode. This results in
conductance peaks in fig. 2(a) at energies of ±(Eb±δL) where Eb is the excited state energy
and δL is the proximity-induced gap of the probe electrode. In addition to these peaks, side
shoulders are visible at lower bias voltage which we interpret as Shiba replicas. Shiba replicas
are visible for a sufficient density of quasiparticles in the mini-gap of the probe electrode
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which is reasonable considering the soft proximity-induced gap of our empty junctions (see
Supplemental Materials43). With an increase in temperature we furthermore observe the
emergence of an anomalous zero-bias peak (dashed curve in Fig. 2(a)) which we interpret
as a mini-Kondo due to increased quasiparticle filling (see Supplemental Material50).
A comparison of the characteristic energies (δavg vs. kBTK) for device D allows us to
determine the ground state of the coupled system. The edge of the dips in fig. 2(a) roughly
correspond to δL+δR from which we calculate an average induced gap of δavg = (δL+δR)/2 =
0.8 meV. Compared with the Kondo energy extracted from the normal state temperature
dependence of the Kondo peak (kBTK = 0.2 meV) (see Supplemental Materials
47), we find
that the average induced gap is 4 times larger. In this device, the larger finite Andreev pair
energy results in a doublet ground state where the radical’s spin is not sufficiently screened
by quasiparticle states near the Fermi energy in the superconducting state to allow the
Kondo singlet. Application of a perpendicular magnetic field however, allows us to tune the
ground state from the doublet to the Kondo singlet (see inset of fig. 2(a)).
Our low temperature measurements are further supported by calculations. Starting with
a modified Anderson impurity model (Anderson Hamiltonian coupled to leads modeled by
BCS Hamiltonians) we calculate the differential conductance as a function of bias voltage
using the non-crossing approximation3,51,52 (see Supplemental Materials for details53 ). The
broadening of the DOS due to the proximity effect is handled by introducing the Dynes
function which is taken as a phenomenological broadening term that softens the BCS DOS
of the bulk reservoirs3,62. Fig. 2(b) shows a conductance curve from this calculation where
the main features of the experimental curve can be reproduced. A zero-bias peak is present
when the order parameter in the leads is set to zero (red curve). In the superconducting
state with δ = 4kBTK (for calculations δL = δR = δ) and broadening (0.15δ), two peaks can
be seen with accompanying side dips at higher bias (black curve). Note that we have also
incorporated an asymmetry in the lead couplings of ΓL/ΓR = 1/2 to better model the results.
Quantitative differences are primarily due to the exact shape of the DOS for each gold lead.
Differences in the lengths of the two gold leads (see Supplemental Material for details43)
mean the broadening for the two leads would be different (δL 6= δR). Additionally, the shape
of the gold lead near the molecular junction ultimately plays a role in the proximity effect
and thus the shape of the DOS which would require more intensive calculations.
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FIG. 2. Characterization and calculations of a molecular junction in the superconduct-
ing state. (a) Low temperature (100 mK) measurement of the differential conductance (dI/dVb)
as a function of voltage bias (Vb) of a radical molecular junction at zero magnetic field (supercon-
ducting state) and 200 mT (normal state). The blue dashed curve shows the same measurement
at 1.2 K (B = 0 T). The inset shows the magnetic field dependence of the Shiba peaks. (b)
Theoretical calculations of the modeled system taking into account the proximity-induced DOS of
the leads. (c) Schematic representation of the probing of the Shiba excited state as a result of the
coupling of the radical molecule with the proximity-induced superconducting Au electrode.
III. GROUND STATE SPECTROSCOPY IN THE SUPERCONDUCTING
STATE
Depending on the relative energies of the proximity-induced gap and the Kondo energy,
the ground state of the system, even in the superconducting state, can take the form of a
doublet for weak coupling (kBTK < δavg) or a Kondo-like singlet for strong coupling (kBTK >
δavg). By virtue of a variable molecule-electrode coupling, we probe a large range of Kondo
energies relative to the average induced gap energy. In the Supplemental Material63 we
show an overview of the 7 devices (A-G) having similar characteristics ordered by increasing
Kondo energy. The Kondo temperature ranges from (≈ 1 K to 18 K) for the seven devices.
In fig. 3 we show the weakest and strongest Kondo energy devices (junctions A and G).
For junction A a Kondo peak cannot be discerned in the normal state (red curve fig. 3(a))
but a splitting (g = 2.1) of the background is observed at higher magnetic fields fig. 3(b)).
We estimate a Kondo temperature of ≈ 1 K from the critical field (Bc ≈ 0.5kBTK/(gµB)) at
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which the background begins to split in fig. 3(b) (Bc ≈ 0.36 T). Following the analysis for
device D above we estimate an average induced gap of 0.8 meV. Comparing the two energy
scales (0.8 meV vs. 0.09 meV), this device is similar to device D in which the doublet
ground state wins over the Kondo singlet. The inset of fig. 3(a) shows the calculations for
this regime where we have taken δ = 9kBTK and built in an asymmetry of ΓR/ΓL = 20 to
better simulate the results. Shiba peaks in this regime correspond to singlet excitations of
the doublet ground state. This situation is depicted in fig. 3(c) in the excitation picture
where a thick barrier and reduced quasiparticle states near the Fermi energy prevent the
Kondo singlet from claiming the ground state of the coupled system. Here we signify the
ground state and the excited state by occupancies of the molecule and the leads, |nmole, nlead〉.
The Shiba excited state for this ground state, |↓, ↑〉, is a singlet composed of the molecule’s
unpaired spin and an electron from a correlated Andreev pair in the leads (signified by the
black arrow).
In fig. 3(d) we present the device with the largest Kondo temperature observed (18
K, estimated from the peak width). Comparing the characteristic energies for this device
(δavg = 0.7 meV, kBTK = 1.6 meV) we find that the large Kondo energy allows for screening
of the radical’s spin even in the superconducting state. This results in a singlet ground
state at B = 0 T. Calculations for this regime are shown in the inset of fig. 3(d) where
we have taken δ = 0.5kBTK and a broadening of 0.25δ. Excitations of this ground state
are the magnetic doublet. This is depicted in fig. 3(f) in the excitation picture. A weak
barrier allows for screening from electrons in the proximity-induced leads and a singlet state
is formed by the combination of the radical’s spin and an electron in the leads.
Finally, using the average proximity induced gap, we make a qualitative estimate of the
bound state energies for the 7 devices and extract the approximate ratios of kBTK/δavg for
which a quantum phase transition occurs from the doublet ground state to the singlet ground
state (see the Supplemental Materials for details64). Of the 7 devices studied, four were found
to have induced superconducting gaps with energies greater than their respective Kondo en-
ergy and three were found to have energies less than their Kondo energy. Taken all together,
the data suggests a quantum phase transition occurs for kBTK/δavg between 0.9 and 1.1. This
is in agreement with STM studies of molecules on a Pb surface (kBTK/∆ ≈ 1)2 but slightly
higher than early NRG theory calculations which predict a transition at kBTK/∆ ≈ 0.3
(Ref.65) and more recent investigations in nanowire systems showing quantitative agreement
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between experiment and NRG calculations for a phase transition occurring at kBTK/∆ ≈ 0.6
(Ref.66).
IV. CONCLUSION
In conclusion, we have presented an investigation of the large-U superconductor-QD phase
diagram in the form of a radical molecule coupled to a proximity induced superconductor.
In the superconducting state, we observe excitations which are characteristic of Shiba states
as a result of the coupling between the radical and a proximity-induced superconductor. By
applying a finite magnetic field, the proximity effect can be suppressed which allows a spin
1/2 Kondo effect. For the devices with the weakest and strongest Kondo energies we are able
to probe both the doublet and singlet ground states which give rise to the singlet and doublet
Shiba excited states, respectively. Finally, we estimate that the quantum phase transition
from the doublet to the singlet ground state occurs for ratios of kBTK to δavg from 0.9 to 1.1.
These findings are supported by calculations of the Anderson impurity model modified to
account for the proximity-induced superconducting electrodes. Hybrid molecular junctions
offer a unique investigation of the superconductor-QD system. In particular, with a suitable
choice of molecule, an in-situ tunable Kondo effect would allow direct driving of the singlet
to doublet quantum phase transition for a spin 1/2 impurity and extraction of the energies
at which it occurs2,65,67.
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FIG. 3. Ground state spectroscopy of the hybrid radical system. (a) The differential
conductance (dI/dVb) as a function of voltage bias (Vb) of a radical molecular junction at zero
magnetic field (superconducting state) and 200 mT (normal state) in the doublet ground state
regime (kBTK < δavg). Inset shows calculations for this regime (δ = 9kBTK). (b) Color plot of the
differential conductance (dI/dVb) as a function of voltage bias and magnetic field for the junction
in panel (a). (c) Excitation picture of the ground and excited states in the doublet ground state
regime. (d) The differential conductance (dI/dVb) as a function of voltage bias (Vb) of a radical
molecular junction at zero magnetic field (superconducting state) and 2 T (normal state) in the
singlet ground state regime (kBTK > δavg). Inset shows calculations for this regime (δ = 0.5kBTK).
(e) Color plot of the differential conductance (dI/dVb) as a function of voltage bias and magnetic
field for the junction in panel (d). (f) Excitation picture of the ground and excited states in the
singlet ground state regime.
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Supporting Information: Proximity-induced Shiba states in a
molecular junction
I. RADICAL POLYCHLOROTRIPHENYLMETHYL (PTM) MOLECULE
As a prototypical spin 1/2 impurity for this study, we have judiciously selected a neutral
and stable all organic radical (polychlorotriphenylmethyl, PTM) which we have shown pro-
duces a robust Kondo effect in gold break-junctions46. The chemical structure of the molecule
is shown on the left side of fig. 1(a) of the main text. Three chlorinated phenyl rings are
connected to the central carbon atom through sp2 hybridization39. A single unpaired elec-
tron, giving the molecule an intrinsic paramagnetic ground state, is mainly localized at the
central carbon atom and protected from the environment by the more bulky chlorine atoms.
This protection gives the radical its high chemical and thermal stability. Additionally, this
stability has been shown to result in Kondo correlations at low temperatures in gold break
junctions which are stable against mechanical and electrostatic variations46. Density func-
tional theory (DFT) calculations show that the Fermi energy (with gold electrodes) of the
molecule sits within a sizable energy gap (2 eV) between the singly occupied molecular
orbital (SOMO) and the lowest unoccupied molecular orbital (LUMO) creating a stable
electronic configuration with a large “charging energy” in the ground state. This is further
verified by the absence of resonant transport at low bias in the whole range of gate voltages
that can be applied in our electromigrated break junctions46. This makes the PTM radical
an ideal molecule to explore the large U limit of the superconductor-QD phase diagram
which favors Shiba excited states for both the singlet and doublet ground states.
II. LOW TEMPERATURE CHARACTERISTICS OF EMPTY GAPS
Empty nanogaps were measured at low temperatures in order to characterize the super-
conducting proximity effect in the gold electrodes without molecules. In fig. S1(a) we show
the low temperature (100 mK) differential conductance (dI/dVb) as a function of voltage
bias (Vb) for an empty junction (no molecule). The two conductance peaks at voltages of
≈ ±0.8 mV signal the overlap of the induced quasiparticle peaks in the two gold leads (see
schematic in fig. S1(d)) and gives us a rough estimate of the induced mini-gap. A mini-gap
1
(δ, see fig. 1(a) of the main text) exists in the proximity-induced superconductor with a
magnitude related to the Thouless energy, Eth = h¯D/L
2, where D = 0.026 m2/s is the dif-
fusion constant for gold44 and L is the electrode length45. If we assume a symmetric left and
right gold electrode with a tunnel barrier in between, the length of each electrode is L ≈ 140
nm. This gives an estimate of δ = 0.87 meV. This is roughly twice as large as the induced
gap we estimate from the position of the quasiparticle peaks in fig. S1(a). The geometry of
the electrodes are most likely responsible for this discrepancy. In fig. S1(c) we show an SEM
image of the junction after measurement. The asymmetry in the length of the left and right
leads as well as the reduced, point-like shape of the left electrode lead to reduced proximity
induced gaps. The position of the nanogap depends on the electromigration process and is
not always symmetrically created at the center of the nanoribbon which leads to asymmetric
proximity induced density of states (DOS). Nonetheless, estimates of the average induced
gap (δavg) for the 7 molecular junctions are in the range of 0.7 meV to 1.1 meV which agrees
well with estimates of the Thouless energy above.
As opposed to coupling directly to the bulk and having a BCS like DOS, our gold leads
offer external tuning of the induced gap through application of a magnetic field. This allows
in-situ tuning of δ relative to the Kondo energy, TK , and exploration of the phase transition
between the singlet and doublet ground states in the molecular junctions. Fig. S1(b) shows
the tuning of the proximity induced gap as a function of magnetic field. The critical field of
the junction reaches 200 mT.
III. THE NORMAL STATE CHARACTERIZATION
In this section we show the normal state characterization of a representative molecular
junction. By applying a small finite perpendicular magnetic field (200 mT, directed out
of the page in fig. 1(b)) to the junctions, the proximity effect in the normal leads can be
completely suppressed. The curve in the inset of fig. S2(a) shows the differential conductance
(dI/dVb) as a function of bias voltage in the normal state for device B. A zero-bias Kondo
peak is observed which closely resembles measurements of the same molecule in all-gold
junctions46. This peak is characterized as a function of temperatures up to 4 K (fig. S2(a))
and magnetic fields up to 8 T (fig. S2(b)). We observe the typical exponential decrease of
the Kondo peak height with increasing temperature and its splitting in high magnetic fields.
2
From the temperature dependence of the peak height we estimate a Kondo temperature
of 4.4 K and from the splitting we estimate a g-factor of 2.4, all consistent with Kondo
correlations observed in all-gold junctions. As reported previously46, we also observe little
modulation of the peak in the normal state with electrostatic gating due to the sizable
SOMO-LUMO gap (see below, section Gate dependence).
From the linear conductance we furthermore estimate the asymmetry in the coupling
(ΓL,ΓR) to the leads using
48:
G =
2e2
h
4ΓLΓR
(ΓL + ΓR)2
f(T/TK) +Gb, (1)
where f(T/TK) = [1 + T
2/T 2K(2
1/s − 1)]−s with s = 0.22 the expected value from numerical
renormalization group theory for spin 1/2.49 From Equation 1 we find an asymmetry of
ΓL/ΓR ≈ 5× 10−4. This asymmetry is predominant in electromigrated junctions due to the
random orientation of the molecule in the nanogap resulting in strongly different coupling
strengths to the left and right electrodes.
IV. GATE DEPENDENCE
We observe little modulation of the conductance with back gate voltage due to the sizable
(2 eV) SOMO-LUMO gap of the radical molecule. Fig. S3(a) shows dI/dV as a function
of Vb and Vg for device E. With our accessible gate range, no degeneracy point is reached
that would signal a shift to another charge state. The same is true in the normal state (see
Fig. S3(b)). In fact, very little modulation of the conductance is observed (see Fig. S3(c))
overall which supports the robust Kondo effect and stable spin 1/2 nature of the molecule.
V. TEMPERATURE DEPENDENCE OF THE ANOMALOUS ZERO-BIAS
PEAKS
At finite temperatures ( 1 K) a zero-bias peak emerges in the conductance curves which
grows with temperature. Devices E and F show the presence of a zero-bias peak (see Device
overview section). Zero bias peaks also emerge for devices A and D at higher temperatures
(see Fig. S4). A plausible explanation for this peak is that a mini Kondo peak emerges in
the gap at higher quasiparticle filling. Further supporting this claim is Fig. S4(c) which
3
shows calculated curves of the modified Anderson impurity model (see Theoretical Model
section below) as a function of increased broadening in the leads. Similar to an increase of
quasiparticles at higher temperatures, increased broadening leads to a zero-bias peak.
VI. THEORETICAL MODEL
As described in the main text, our organic radical molecules are perfect model spin 1/2
impurities and as such can be described by an Anderson Hamiltonian of the form
Hmol =
∑
σ=↑,↓
εσd
†
σdσ + Un↑n↓ , (2)
where εσ is the single-particle energy level of the localized state with spin σ, d
†
σ (dσ) the
fermion creation (annihilation) operator of the state, nσ = d
†
σdσ the occupation, and U the
on-site Coulomb interaction, which defines the charging energy. Due to the sizeable SOMO-
LUMO gap of 2 eV of our molecular system, we focus on the regime where the charging
energy is much bigger than other energy scales. In this regime the Hamiltonian in Eq. (2)
suffices to describe all relevant physics.
In the normal state (section III above), Kondo physics arises as a result of the interplay
between the strong correlation in the molecule and the coupling of the localized electrons
with the electrons in the contacts. In our case, these are described as two leads (α = L and
R) which can be represented by a Hamiltonian of the form:
Hα =
∑
kα
∑
σ
εkα,σa
†
kασ
akασ (3)
Tunneling between the molecule and the contacts is described by the Hamiltonian
HT =
∑
kασ
(
Vkασa
†
kασ
dσ + h.c.
)
(4)
The total Hamiltonian is then given by H = HL + HR + HT + Hmol . For simplicity,
we ignore the k- and σ-dependence of the tunneling amplitudes. Therefore, we consider a
simplified model with Vkασ = Vα/
√
2 which defines the widths ΓNα = piρ0|Vα|2, where ρ0 is
the (normal) density of states in the reservoirs.
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As discussed in the main text, bulk superconducting electrodes (gap ∆) induce a prox-
imity effect in the gold electrodes with mini-gap δ. This proximity effect can be modeled as
a modified coupling to the reservoirs of the form
Γα(E) = Γ
N
αNs(E), (5)
where Ns(E) is the density of states of the proximitized contacts. As discussed in the main
text, it is clear from the experimental data that a clean BCS density of states is not a good
description of the experiments. Instead, we use a Dynes expression of the form
Ns(E, γ) = Re[
|E|+ iγ√
(|E|+ iγ)2 − δ2 ], (6)
where γ is a phenomenological broadening which takes into account a finite density of states
inside the BCS gap.
We are interested in a limit where the Coulomb interaction is very large such that we can
safely take the limit of U →∞. In this case, the problem can be solved within the so-called
Non-Crossing approximation (NCA)54–58 generalized to the superconducting case51,52. The
NCA is the lowest order fully self-consistent non-pertubative diagrammatic expansion that
one can write for the U → ∞ limit of the problem. This approximation neglects vertex
corrections in the diagrammatic expansions and, as a result, the NCA fails in describing the
low-energy Fermi-liquid regime. Nevertheless, the NCA has proven to give reliable results
even at temperatures well below the Kondo temperature (of the order of T = 10−2TK)59.
Without entering into much detail of the theory, we just mention that we solve the
problem by deriving self-consistent equations-of-motion for the time-ordered double-time
Green’s function by using the Keldysh method60. In the paper, we just show numerical
results of the resulting coupled set of integral NCA equations for our problem and refer the
interested reader to Refs.54–58 for details. In particular, the density of states is given by
ρ(ω) = − 1
pi
∑
σ
Im[Arσ(ω)], (7)
where Arσ(ε) is the Fourier transform of the retarded Green’s function. Following Meir and
Wingreen in Ref.61, the current is given by:
Iα∈{L,R} = −2e
h
∑
σ
∫
dΓα()[2ImA
r
σ()fα() + A
<
σ ()].
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withA<σ () the Fourier transform of the lesser Keldysh Green’s function and fα() =
1
1+e
(−µα)
kT
the Fermi-Dirac function at each reservoir held at a chemical potential µα such that the
applied bias voltage is defined as eV = µR − µL. Eq. (8) neglects Andreev processes and
is a good approximation for situations where Shiba states resulting from strong coupling
between the molecule and one of the proximitized electrodes are weakly probed by the other
proximitized electrode, as described in the main text.
In practice, we self-consistently solve the NCA integral equations until good numerical
convergence is reached. All dI/dV calculations presented in the main text are done for finite
temperatures in the range T ∼ TK and different values of δ and γ.
VII. DEVICE OVERVIEW
Fig. S5 shows an overview of all 7 junctions measured showing symmetric conductance
peaks in the superconducting state and a zero-bias peak in the normal state. From the top
to the bottom, the devices are arranged according to their critical field Bc of the Kondo
peak except for device G which does not show a splitting because the critical field is larger
than our experimental range. All devices were measured at ≈ 100 mK except for devices E
and F which were measured at 1.8 K. The left side panels in fig. S5 shows the differential
conductance dI/dVb as a function of voltage bias Vb for each device in the superconducting
state (0 T, black curve) and the normal state (200 mT, red curve). The right side panels
show dI/dVb as a function of Vb and magnetic field.
VIII. QUANTUM PHASE TRANSITION BETWEEN THE DOUBLET
AND SINGLET GROUND STATES
From the 7 devices studied in detail, we make here an estimate of the ratio of kBTK/δ
at which the quantum phase transition occurs between the two ground states. While we do
not have a direct measurement of the induced superconducting gap of the probe electrode
(δL in the main text), we can still make a rough estimate of the bound state energy (Eb)
from the average induced superconducting gap (δavg). For consistency, the Kondo energies
were all estimated from the critical field following the analysis in the main text for device
A. In Fig. S6 we plot Eb/δavg versus kBTK/δavg for all devices. Four devices were found to
6
have induced superconducting gaps which were greater than their respective Kondo energies
and for these devices, following convention, we have assigned a positive bound state energy.
Three devices were found to have induced gaps with energies less than their Kondo energies.
These devices we have assigned a negative bound state energy. Between the positive and
negative bound state energies, a quantum phase transition occurs which is labeled in Fig.
S6. We estimate the transition occurs for 0.9 < kBTK/δavg < 1.1.
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FIG. S1. Characteristics of an empty gap measured at low-temperature. (a) Low temper-
ature (100 mK) measurement of the differential conductance (dI/dV ) as a function of voltage bias
(Vb) of an empty gap. (b) Schematic representation of the asymmetry in the proximity induced
gaps of the left and right leads. (a) Numerical differential conductance (dI/dVb) as a function of
voltage bias (Vb). The black curve shows the measurement at zero field and the red curve shows
the measurement near the critical field of the proximity induced superconductivity. (b) Color plot
of dI/dVb as a function of Vb and perpendicular magnetic field. (c) Scanning electron microscopy
image of the junction after measurement. (d) Schematic of the density of states (DOS) of the two
gold leads.
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FIG. S2. Molecular junction in the normal state. (a) Temperature dependence of the peak
conductance which corresponds to a Kondo temperature of 4.4 K. The inset shows dI/dVb vs. Vb
showing the Kondo peak in the normal state (200 mT). (b) dI/dVb as a function of Vb and magnetic
field showing the splitting of the Kondo peak.
FIG. S3. Gate dependence of a molecular junction. (a) A color plot of the dI/dV as a
function of Vb and Vg in the superconducting state (B = 0 T). (b) A color plot of the dI/dV as a
function of Vb and Vg in the normal state (B = 300 mT). (c) Line cut from panel (a) at a voltage
of Vb = −0.5 mV showing a small modulation with gate voltage.
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FIG. S4. Temperature dependence of the anomalous zero-bias peak. (a) dI/dV as a
function of Vb for sample A as a function of temperature. (b) dI/dV as a function of Vb for sample
D as a function of temperature. (c) Calculations of conductance as a function of Vb for increasing
phenomenological broadening (γ) of the BCS gap.
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FIG. S5. Overview of all 7 devices measured. The left-side panels show dI/dVb as a function
of Vb and the right-side panels show color plots of dI/dVb as a function of Vb and magnetic field
applied perpendicular to the junction.
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FIG. S6. Quantum phase transition between the singlet and doublet ground states.
The bound state energies (Eb) for all seven devices plotted versus their respective Kondo energies
(kBTk), both normalized by the average induced superconducting gaps (δavg).
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